This paper describes the synthesis of paramegnetic iron-containing hydroxyapatite nanoparticles and their increased Cu 2+ sorbent capacity when using Ca 2+ complexes of soluble bio-organic substrates from urban wastes as synthesis precursors. A thorough characterization of the particles by TEM, XRD, FTIR spectroscopy, specific surface area, TGA, XPS, and DLS, indicates that loss of crystallinity, a higher specific area, an increased surface oxygen content, and formation of surface iron phases strongly enhance Cu 
Introduction
Hydroxyapatite (Ap), Ca 10 (PO 4 ) 6 (OH) 2 , the main component of the bone tissue of vertebrates, is one of the most promising sorbent materials for removing actinides and heavy metals from wastewaters and soils.
Apatites of the most different origins, such as cow bone charcoal, 1 nano-Ap (nAp), 2 waste oyster shells, 3 and bacteria, 4 were used for the removal of heavy metals. Ap is an ideal material for long-term sequestration in aqueous reservoirs because of its chemical stability across a wide range of geological conditions, 5 high biocompatibility, strong ability to fix actinides and heavy metals, 6 and maximum metal ion sorption capacity 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 at pH 6 -7.
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Humates are also widely applied to clean up toxic waste sites. Formation of humates is based on the ability of carboxyl and hydroxyl groups of humic and/or fulvic acids to bind metal cations. In particular, Ca 2+ are effective precipitators of humates and provide a route for the transfer of trace metals from the solution to the solid phase. 7 Moreover, formation of stable, water-soluble phosphate-Ca 2+ -humic complexes 8 were reported. Therefore, the use of UBW-SBO as templates in the synthesis of Ap materials may be expected to affect Ap morphology and surface chemistry, as observed for organic matrix-mediated fabrication of nanostructured hydroxyapatite biocomposites.
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Nanomaterials showing high specific surface area and tunable surface chemistry were suggested to offer significant improvement as metal adsorbents. 11 In particular, magnetite-incorporated hydroxyapatite composites attract much attention as a magnetic functional material for developing adsorbents and catalysts since they could be easily removed by application of a magnetic field. 12 However, to date, the metal adsorption capacity of these materials was not assessed.
In this context, in the present comunication we describe the synthesis of Ap-based magnetic nanoparticles and their increased metal sorption capacity when synthetized using Ca 2+ complexes of UBW-SBO as synthesis precursors.
Experimental

Reactants
Calcium chloride 95 wt%, phosphoric acid 85%, FeCl 2 .4H 2 O > 99 %wt, FeCl 3 .6H 2 O 97 wt%, were supplied by Sigma Aldrich and used without further purification. Deionized water was Milli-Q purified (18.2 MΩcm and 6 ppb TOC). When required, pH was stabilized to 7.0 with 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, sodium salt (HEPES-Na) and nitric acid.
The biorganic substances herein used where available from a pilot plant from Studio Chiono&Associati in Rivarolo Canavese, Italy. The fraction of soluble biorganic substances used, namely CVT230, was extracted from home gardening and park trimming residues aerated for 230 days for aerobic microbiological treatment; the resulting biomass was digested with an alkali solution at 65 o C for several hours and the remaining supernatant filtered by an UF membrane operating with tangential flow to yield a retentate with 5-10 % dry matter content. The concentrated retentate (CVT230) was finally dried at 60 °C. CVT230 was 72.1% solid residue, and composed of 38.25 ± 0.09 % w/w C and 4.01 ± 0.03 % w/w N. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 are in an α position to amines. 13 ions.
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Synthesis of hydroxyapatite magnetic nanoparticles
A modification of literature methods was used for the synthesis of hydroxyapatite nanoparticles, nAp.
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Briefly, a suspension of Ca(OH) 2 solution was then added drop-wise into the Ca(OH) 2 -SBO suspension over a period of 2 h under constant stirring and heating at 80 o C. The reaction mixture was kept in suspension with constant stirring for 24 h at room temperature. The precipitate was separated from the mother liquor by centrifugation and by means of a laboratory magnet bar, and then washed several times with deionized water until no SBO was observed in the washing liquors by, both, UV-vis spectroscopy and total organic carbon assays. All the particles were dried at 80 o C. The particles were named 0.05SBO-Fe-nAp, 0.5SBO-Fe-nAp, and 2.5SBO-Fe-nAp, according to the SBO/Ca w/w ratio used in the synthesis. When requiered, 2.5SBO-Fe-nAp powders were further calcined at 600 o C for 3 hours. Calcined particles are therefore named 2.5SBO-Fe-nAp-cal.
Particle characterization
The crystalline phase content of samples was assessed by X-ray Diffraction (XRD) by using a PW3040/60 X'Pert PRO MPD X-ray diffractometer from PANalytical, in Bragg-Brentano geometry, equipped with the high power ceramic tube PW3373/10 LFF source with Cu anode. The qualitative phase analysis was performed with the EVA software package and compared to the ICDD-PDF-2-database. The effect of Fe 17 and considering k = 0.9 as the shape factor and λ = 0.154056 nm as the wave length of the X-rays for Cu Kα1 radiation.
High resolution transmission electron microscopy (HRTEM) studies were carried out on a JEOL JEM 3010UHR (300 kV) TEM fitted with a single crystal LaB 6 filament. Samples were dry deposited on Cu "holey" carbon grids (200 mesh).
The thermal behaviour of the powders was studied by thermal gravimetric analysis (TGA) using a Q600
TA Instruments. The program used a nitrogen environment and involved a one minute initial temperature of 50 o C, followed by a 20 o C /min ramp up to 800 o C and maintained at this temperature for 10 minutes. For some samples, an oxygen enviroment was also used.
The functional groups present in the prepared nanoparticles were identified by their IR spectrum obtained with a Bruker IFS28 spectrophotometer equipped with a Globar source and a DTGS detector working at 128 scans with 4 cm −1 resolution in the overall range 4000-400 cm −1 . Samples were prepared by pressing a grounded mixture of 1% of the particles powder with 99% dry KBr at a load of 5 tons.
Nitrogen gas-volumetric adsorption experiments for specific surface area determinations (BET model)
were performed at 77 K by means of a ASAP2020 by Micromeritics model. Before each measurement, samples were outgassed overnight at 80 °C at a residual pressure of about 10 −2 mbar to guarantee a good cleaning of the sample surface.
The X-ray photoelectron spectroscopy (XPS) spectra were obtained under UHV with a XR50 Specs GmbH spectrometer using Mg K(α) as the excitation source and a PHOIBOS 100 half sphere electron energy analyzer. A two-point calibration of the energy scale was performed using sputtered cleaned gold (Au 4f7/2, binding energy (BE) 84.00 eV) and copper (Cu 2p3/2, BE: 932.67 eV) samples. Internal calibration to correct for surface charging was performed with the C 1s peak at BE= 284.6 eV due to adventitious carbon.
High resolution XPS spectra were taken to get a better insight into the chemical environment of the different atoms. A Shirley-type background from each spectrum was used to remove the effect of the extrinsic structure loss and the espectrum resolved by Gaussian-Lorentzian fitting, keeping χ2 values to their minimum values.
The electrophoretic mobility was measured by Laser Doppler Velocimetry-Photon Correlation Spectroscopy using a DELSA 440 spectrometer (Beckman Coulter Electronics, Hialeah, FL) equipped with a 5 mW HeNe laser (632.8 nm).
The magnetic characteristics of the particles was assessed using a Lakeshore 7403 vibrating sample magnetometer. Magnetization of dried samples was performed at room temperature up to a maximum field of 1.9T.
Metal determinations were performed with a Perkin Elmer Optima 7000 DV Model inductively coupled plasma atomic emission spectrometer (ICP-AES). The instrument is equipped with a Echelle monochromator, a cyclonic spray chamber, and a PTFE Mira Mist nebulizer. The instrumental conditions were: plasma power 1.3 kW; sample aspiration rate 1.2 mL/min; argon cooling flow 1.5 L/min; argon sampling flow 0.6 L/min. The overall P:Ca:Fe ratio of the synthetized particles was also measured by ICP after acid digestion of the particles.
Metal adsorption experiments
Adsorption studies were conducted in batch experiments. Variable ml-aliquots of a Cu(NO 3 ] used was limited by Cu 2+ solubility.
18
The suspensions were shaken at room temperature (25 ± 2°C) for several hours until equilibration was 
Results and Discussion
A flow chart of the pathways followed for the synthesis of the different particles is described in Scheme 1.
Scheme 1: Flow chart of the synthesis pathways used for obtaining the different particles. "x" denotes the SBO/Ca w/w analytical ratio after mixing.
Particle characterization
The effect of SBO and Fe on the physical and chemical properties of nAp was studied and compared with untreated nAp. Figure 1 shows comparative HRTEM micrographs of the prepared powders. Due to 
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The use of 2.5 w(SBO)/w(Ca) as template in the synthesis of the particles leads to an even more heterogeneous sample of irregular acicular particles. Calcination of 2.5SBO-Fe-nAp leads to an increased size heterogeneity with a predominant population of enlarged particles. In all the micrographs relative to Fecontaining samples, it is possible to observe the presence of globular lumps characterized by higher optical density assignable to iron-containing domains of nanometric size (< 10 nm), as also reported for Fecontaining particles obtained by similar synthetic procedures.
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The lumps are distributed quite homogeneously in the materials, indicating that the synthesis in the presence of Fe 2+ /Fe 3+ salts brought about a good dispersion of iron-containing phases on Ap-based materials. This characteristic seems to be enhanced in the SBO patterned particles.
The XRD diffractograms of nAp-based materials are shown in Figure 2 . Hydroxyapatite XRD patterns are observed in all the prepared powders with no significant shifting of peak positions, thus suggesting that Fe 2+ / Fe 3+ incorporation did not greatly modify the hydroxyapatite structure. A marked broadening increase of the XRD peaks of Fe-nAp, and particularly of 2.5SBO-Fe-nAp and 2.5SBO-Fe-nAp-cal powders, strongly
indicates an important reduction in the crytalline structure of the particles. In addition, these samples exhibit more intense diffraction peaks at 2θ = 35.5, as well as peaks of lower intensity at 2θ = 30.2 and 62.5, characteristic of magnetite and maghemite structures (depicted in figure 2 ). Despite the presence of magnetite and maghemite crystalline phases is being supported, they could not be unambigously differentiated, since their XRD diffraction spectrum mainly differ in the relative intensity of the peaks. In fact, the obtained XRD data closely resembles those reported for Fe-containing hydroxyapatites from different synthetic methods. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 The absence of these peaks in the spectra of all the other particles suggests that the powders show poor crytallinity, in agreement with XRD data also supporting a decreased hydroxyapatite cristallinity upon Fe addition and use of SBO as organic template. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 shows the lowest surface area while almost a twofold increase is observed for Fe-nAp, and a further 15% increase is observed for 2.5SBO-Fe-nAp. Calcination of the latter reduces the surface area by 15%. The BET isotherms show hysteresis mainly at high P/P 0 values related to N 2 condensation inside inter-particle macropores of ca. 100 nm (see S2). Crystallite domain sizes decrease in the trend nAp < Fe-nAp < 2.5SBO-Fe-nAp while a further increase is observed for 2.5SBO-Fe-nAp-cal. All together, the results suggest a reduced crystallite domain size with increasing specific surface area and particle size diminution. The increase of specific surface area besides crystallinity diminution is also reported for nanoparticulated apatite. The average hydrodynamic particle size distribution determined by DLS measurements, shown in Figure   5 , indicates that the particles hydrodynamic sizes are several fold-times higher than the sizes observed in The electrophoretic mobility of the particles obtained in the pH range from 6.5 to 7 are depicted in Table 1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 aggregates size strongly suggests an increased surface hydrophylicity in SBO-patterned particles due to the presence of uncharged surface groups which strongly stabilize the aqueous suspensions of the particles.
24
The XPS survey spectra of the particles (see S4) depict the main lines for Ca, O, P, and Fe (except for nAp). Beside these peaks, a C(1s) "adventitious carbon" peak was observed which was used for binding energy correction due to charging effects by setting it to 284.6 eV. Carbonate-type carbon, incorporated during synthesis, was also observed. All powders show the Ca2p1/2 (350.8eV) and Ca2p3/2 (347.4 eV) lines, and the P2s line at 191 eV due to calcium phosphate in apatite (see S5). On the other hand, analysis of Fe2p3/2 peaks is more controversial. The use of broad peak shapes has proved useful for the identification of pure compounds but of lesser use for the identification of mixtures due to the spectral overlap of most Fe(III) compounds which show similar binding energies but varying peak shapes and satellite intensities. 25 In fact, such analysis leads to a peak at about 710.5 eV with a satellite displaced 4 eV and a second broad peak at about 712.5 eV with no satellite contribution unless overlapped to the Fe2p1/2 portion of the spectrum.
These peaks did not match the reported data of neither pure Fe oxides 26 nor of phosphated iron. 27 Therefore, Fe2p3/2 peaks for all the iron-containing samples herein synthesized were modelled using a combination of ferrous and ferric multiplet patterns for the lower and higher energy portion of the spectrum, respectively,
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28 as shown in Figure 6 for Fe-nAp. Fe2p3/2 signal adjustment was performed assuming a Shirley type baseline and using the lowest number of peaks allowed with about 1.7 eV FWHM, except for the peak attributed to Fe II satellite which was left free. All samples show contributing peaks at 709. Deconvolution of the O1s peak of n-Ap shows the main contribution of a band at 531.8 eV (96%) and a minor contribution at 532.8 eV. According to literature reports, these peaks may be assigned to oxygen atoms in phosphates and hydroxyls, and to adsorbed water, respectively, in agreement with reported data for hydroxyapatite. 27 On the other hand, O1s peaks of Fe-containing particles are best modelled when the contribution of a third peak at c.a. 530.1 eV characteristic of O atoms in iron oxide environments is considered, 26 as depicted in Figure 6 inset and S5. Peak contributions of 22 % and 13% were observed for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Considering the experimental sensitivity factors relative to the different elements, a surface Ca:P:O stoichiometric ratio was determined for each particle type as depicted in Table 1 . The P/Ca ratio for nAp is somewhat higher than the expected theoretical Ca(PO 4 ) 0.6 O 0.2 stoichiometric ratio but close to the values reported in the literature for several hydroxyapatite materials and attributed to the presence of surface acid phosphates. 29 On the other hand, the O/P ratio is, within the experimental error, in line with the expected value for hydroxyapatite. Fe-nAp shows higher P/Ca and O/Ca ratios than nAp. All together, the data seems to indicate that surface iron increases phosphate content due to the formation of Fe(II)-phosphates while surface Fe 3+ seems to lead to the formation of iron oxides. In fact, Fe(III)-substituted hydroxyapatite nanoparticles were reported to show an increased surface hydrophilicity as a consequence of the formation of surface Fe-OH groups, though the number of original Ca(II) atoms was reduced.
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On the other hand, lower Fe/Ca surface ratios were observed when SBO was used as template in the particle synthesis. 0.5SBO-Fe-nAp and 2.5SBO-Fe-nAp show P/Ca ratios similar to those of nAp, though the respective O/Ca ratios are significantly higher, thus suggesting the presence of surface OH groups. Upon calcination, 2.5SBO-Fe-nAp show a decreased content in surface oxygen and iron.
Hysteretic M-H curves of Fe-nAp and 2.5SBO-Fe-nAp at 300K (see S3) exhibit a superparamagnetic behavior with zero coercivity and zero remanence on the magnetization curves. For both particles, the saturation magnetization was of 4 emu/g of particles, in line with reported values for Fe-nAp nanopowders.
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Considering a 7% w/w iron content in the particles (see Table 1 ), the saturation magnetization per gram of iron is 57 emu/g Fe, half the value expected for magnetite nanoparticles. 30 Therefore, formation of significant amounts of iron compounds not contributing to the overall paramagnetism is supported.
The described results clearly indicate that introduction of Fe 3+ / Fe 2+ ions and the use of SBO-Ca 2+ complexes as templates during hydroxyapatite synthesis leads to a diminution in the apatite crystalline structure, a negatively charged surface, and an increased surface hydrophilicity. Formation of magnetite and/or maghemite is observed by XRD. However, iron oxides formation is not the only fate of iron. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 2 ).
Consequently, the increased Cu 2+ adsorption capacity observed for SBO-patterned particles cannot be assigned solely to surface-trapped SBO, neither to the small magnetite domains observed on the particles surface. These observations are further supported by the significant Cu 2+ adsorption capacity still observed for 2.5SBO-Fe-nAp-cal despite the elimination of all C-containing residues due to calcination.
As discussed above, the main differences observed between nAp and Fe-containing apatites involve a reduction in the crystallinity of hydroxyapatite domains, a reduced Ca 2+ content, and the formation of surface phosphated iron and magnetite/maghemite phases. 
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A rough estimation of the effective surface area may be obtained if it is assumed that Cu 2+ is mainly adsorbed at the agglomerates surface, and taking the agglomerates hydrodynamic radius distribution 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 measured by DLS and the density value of hydroxyapatite (3.156 g/cm 3 ) 37 for all the particles. Normalization of the isotherms shown in Figure 6 by the estimated effective agglomerate area ( Figure 8 ) which may be classified in two main groups: nAp and Fe-containing apatites. Iron-containing particles, all depicting similar k L values, show improved adsorption capacity with respect to pure nAp, in line with their described surface characteristics, vide supra.
Differences among the adsorption isotherms of the iron-containing particles are mainly observed at high Cu 2+ loadings, probably due to Cu 2+ adsorption on the particles surface facing the interior of the agglomerates at higher concentrations, a situation not considered in the simplified estimation of the effective surface area. 
Conclusions
The present results strongly indicate that hydroxyapatite nanoparticles doped with iron and synthetized using SBO as template, show significant changes in the particles morphology and surface chemistry. Among the observed effects are: a reduction in the crystallinity of hydroxyapatite domains, elongated and smaller particles with higher specific surface area, reduced Ca 2+ content, formation of surface phosphated iron and iron oxides, increased oxygen content at the surface, and an overall negative surface charge at pH 7.0.
Moreover, formation of magnetite oxide seems responsible for the particle paramagnetism. Such surface and structural modifications support the formation of stable homogeneous aqueous suspensions of the particles, C e (mg L 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 which show a reduction in the size of the agglomerates when increasing the SBO content in the synthesis procedure.
A significant improvement in the Cu 2+ adsorption capacity was observed upon iron-doping of the hydroxyapatite particles and, particularly, for the SBO-templated particles. Such improvement is correlated with a negatively-charged surface and the presence of phosphate and Fe-OH surface groups. However, a
second important effect appears to be the agglomerates size, as agglomeration seems to severely reduce the effective surface available for adsorption in aqueous suspensions.
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